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Edited by Ulrike KutayAbstract The transcription of mRNA is tightly coupled to the
concomitant recruitment of mRNA processing and export fac-
tors, resulting in the formation of mature and export competent
mRNP complexes. This interconnection in gene expression im-
plies extensive spatio-temporal control of mRNP dynamics to
prevent mRNA export factors bound to pre-mRNA from func-
tioning at the incorrect time and exporting nascent or incom-
pletely processed pre-mRNAs. Recent discoveries provide
molecular understanding of how a broad range of post-transla-
tional modiﬁcations together with RNA-dependent ATPases
coordinate proteins acting at diﬀerent steps and regulate mRNP
assembly and export.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Nuclear export of mRNAs is a complex and evolutionarily
conserved process, essential for gene expression in all
eukaryotic cells. It involves the coordination of several clas-
ses of proteins and complexes to guide any mRNA along its
path from transcription to translation. Indeed, upon tran-
scription and throughout their lifetimes, mRNAs are bound
to numerous distinct factors, forming mRNA ribonucleopro-
tein particles (mRNPs). These proteins profoundly inﬂuence
pre-mRNA processing as well as export, localization, trans-
lation and stability of mRNAs. The complexes they form
with mRNAs are speciﬁc and dynamic. Some RNP proteins
are subject to dynamic exchange immediately before translo-
cation through the nuclear pore complexes (NPC), while
others remain stably bound to the resulting mRNAs all
the way to ribosomes, before being recycled back into the
nucleus by karyopherins [1]. It is generally agreed that the
export machinery recognizes signals within the proteins of
these complexes rather than in the mRNA itself. The
mRNA export machinery includes numerous mRNA binding
proteins, ATPase/RNA helicases, and NPC-associated pro-
teins. Most are essential, and yeast strains carrying condi-
tional mutations in any of these genes show rapid and*Corresponding author. Fax: +41 22 379 64 42.
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doi:10.1016/j.febslet.2008.03.038strong defects in mRNA export under non-permissive condi-
tions.
From yeast to human, mature and well-processed mRNPs
are exported to the cytoplasm by Mex67/TAP, an essential
shuttling nuclear transport receptor, which escorts competent
mRNPs out of the nucleus through direct interaction with
nucleoporins lining the pore. Because of its low aﬃnity for
binding mRNAs, Mex67/TAP requires adaptor proteins to
interface with mature transcripts ready for export. So far,
the best-characterized adaptor for Mex67/TAP is the essential
Yra1 protein in yeast or Aly/REF in higher eukaryotes. Yra1
and its partner Sub2 (UAP56 in metazoans), a DEAD box
helicase required for mRNA export, were biochemically puri-
ﬁed with the THO complex (consisting of Hpr1, Mft1, Thp2,
and Tho2), involved in mRNP biogenesis and export [2–4].
Likewise, Aly and UAP56 have been found to interact with
the human counterparts of the complex [5,6]. This conserved
THO-Sub2-Yra1 multiprotein complex was subsequently
termed the TREX complex as it links transcription and export
[6]. Speciﬁcally, the co-transcriptional recruitment of Sub2 to
active genes is Hpr1- and RNA-dependent [7,8], while Yra1
recruitment is partially RNA-independent [7]. These data sug-
gest that the TREX complex is recruited to the site of tran-
scription through an interaction of THO with the
transcription machinery. Sub2 then rapidly associates with
emerging mRNAs together with Yra1, although it is likely that
a pool of Yra1 remains bound to the DNA, presumably via the
THO complex. The subsequent binding of Mex67 was pro-
posed to displace Sub2 from Yra1 inducing nuclear exit of ma-
ture mRNPs [3] and (Fig. 1A).
Interestingly, unlike the THO-dependent co-transcriptional
recruitment of Yra1 and Sub2 in yeast, human TREX is re-
cruited to the 5 0 end of mRNAs via Aly and the cap-binding
protein Cbp80 in a splicing-dependent manner [5,9]. These dif-
ferent mechanisms might be the consequence of evolution,
since most yeast genes are intronless, while the majority of hu-
man genes contain multiple and long introns. More speciﬁ-
cally, this study provides evidence that Cbp80 and factors
deposited at the ﬁrst exon–exon junction by splicing cooperate
to eﬃciently recruit TREX on spliced mRNAs. Consistent
with this view, the 5 0 cap is required only for eﬃcient export
of spliced mRNA but does not have a role in export of intron-
less transcripts [9,10]. Since the metazoan TREX complex
functions in export of both spliced and intronless mRNAs
[11], it will be interesting to determine how TREX is recruited
to intronless genes.
Previous studies performed by the Hurt lab identiﬁed an-
other supramolecular complex, called TREX-2, which tightensblished by Elsevier B.V. All rights reserved.
Fig. 1. (A) Simpliﬁed model of mRNA export. The export receptor Mex67 binds mature mRNPs through adaptor proteins such as Yra1 and
promotes their export through nuclear pore complexes. Yra1 and its partner Sub2 are part of the TREX complex recruited to active genes through an
interaction of THO with the transcription machinery [6,26]. (B) TREX-2 links transcription initiation to NPC-bound mRNA export factors. Both
TREX-2 and Mex67 participate in the anchoring of activated genes to nuclear pore complexes [16,17].
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[12,13] and (Fig. 1B). TREX-2 is composed of Sac3, Thp1
and the SAGA histone acetylase complex involved in tran-
scription activation [12,13], and couples SAGA-dependent
gene expression to mRNA export. The NPC-associated Sac3
protein tightly binds Thp1, implicated in transcription elonga-
tion and genome stability [14], as well as Mex67 [12]. Both
Sac3 and Thp1 are required for mRNA export and interact
with Sus1, a functional component of SAGA [12,13]. Loss of
Sus1 causes both transcriptional and mRNA export defects
[13], consistent with a role in both processes. It is proposed
that the Sac3–Thp1 complex binds mRNA during transcrip-
tion and participates in the docking and subsequent transloca-
tion of Mex67-containing mRNPs through the NPC. This
might also hold true in higher eukaryotes as metazoan coun-
terparts of Sac3 and Thp1 have been identiﬁed and Sac3 inter-
acts with SAGA in Drosophila [15]. Currently, it is unclear
whether TREX and TREX-2 complexes, both linking intranu-
clear mRNA biogenesis and export, operate synergistically or
in a gene-speciﬁc manner. In this context, it is interesting to
note that TREX-2 components as well as Mex67 contribute
to a process called NPC gene anchoring [15–17], which consists
in the relocation of genes towards the nuclear periphery upon
transcription activation (Fig. 1B). Although a number of yeast
genes are subjected to tethering, its functional signiﬁcance is
still a matter of debate, and extensively reviewed in [18,19]. Fu-
ture studies will elucidate whether the factors involved in NPC
tethering so far represent the anchors of diﬀerent sets of genes
and, if so, whether these diﬀerences in gene gating result in dif-
ferent outcomes, such as for instance transcriptional memory
[20] or increased mRNA export [21].A picture emerges of tight interconnections between pro-
cesses controlling mRNA biogenesis and mRNA export
involving multiple protein complexes. In the following sec-
tions, we will focus on the dynamics of mRNP complexes
and more speciﬁcally on the spatio-temporal association of
the export receptor Mex67 with its substrate mRNAs. In par-
ticular, recent studies point to the importance of ubiquitina-
tion and phosphorylation in coordinating the recruitment of
Mex67 with transcription and 3 0 end processing. We will also
highlight new molecular insights into how Sub2 and Dbp5,
two DExD/H box RNA helicases required for mRNA export,
promote mRNP remodelling both at early (chromatin-associ-
ated) and late (pore-associated) steps of mRNA export. Final-
ly, the role of post-translational modiﬁcations in deﬁning
distinct and diﬀerentially regulated mRNA export pathways
will also be discussed.2. Co-transcriptional assembly of export competent mRNP
complexes
2.1. Role of Mex67 early recruitment in mRNA biogenesis
Since the recruitment of Mex67 on mRNPs induces their nu-
clear exit, an important question was to determine the time-
scale and mechanism of its loading on mRNPs. Being perinucl-
early localized at steady state, Mex67 was proposed to be
loaded on mRNPs just before their translocation through the
NPC [3]. However, recent works from the Dargemont and
our labs report that Mex67 is recruited at an even earlier step,
during transcription, mainly through its short C-terminal UBA
(ubiquitin-associated) domain (Fig. 2) [17,22]. This early
Fig. 2. (A) Domain organization of Mex67. The N-LRR domain mediates interaction with mRNA adaptor proteins such as Yra1/REF. The central
NTF2-like domain binds Mtr2 required to interact with NPC components. The C-terminal UBA domain consists of three helices involved in
ubiquitin binding and a fourth helix H4 important for the speciﬁc interaction of Mex67 with its ubiquitinated partners. (B) The co-transcriptional
recruitment of Mex67 is RNA independent and involves the interaction of Mex67–UBA domain with ubiquitinated adaptor proteins such as Hpr1,
associated with the transcription machinery. Mex67 probably becomes associated with mRNA upon 3 0 end formation and transcript release,
exposing Hpr1 for degradation by the proteasome [22,25]. Rsp5 is the E3 ligase that ubiquitinates Hpr1.
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the chromatin-associated THO component Hpr1, recently re-
ported to be ubiquitinated by the E3 ligase Rsp5 in a transcrip-
tion-dependent manner [23]. Consistent with the interaction of
the Mex67–UBA domain with ubiquitin and polyubiquitinated
proteins, the ubiquitination of Hpr1 directly contributes to
Mex67 association with active genes, and Mex67–UBA in turn
transiently protects Hpr1 from proteasomal degradation. Both
the absence of Mex67–UBA domain and a hpr1 mutant af-
fected in its ubiquitination induce a defect in mRNA export,
indicating that Mex67 co-transcriptional recruitment is impor-
tant for its proper nuclear export function. Since this eﬀect is
more pronounced at higher temperature, the early recruitment
of Mex67 may be required for a subset of genes expressed un-
der stress conditions or important for gene expression eﬃ-
ciency, a role that becomes essential under increased
metabolic activity.
Interestingly, unlike other UBA domains formed by three
a-helices, the UBA domain of TAP and Mex67 contains an
additional helix 4 (H4) [24,25]. This helix H4 of Mex67 (last
10 amino acids) is required for Mex67 association with spe-ciﬁc substrates like Hpr1, but also interferes with its ability
to interact with ubiquitin [25]. Importantly, once the entire
UBA domain is engaged in an interaction with a speciﬁc sub-
strate, a conformational change unmasks the ubiquitin bind-
ing site and restores the ability of UBA–Mex67 to interact
with ubiquitin (preferentially K48-tetraubiquitin). Consistent
with the view that Mex67 co-transcriptional recruitment by
ubiquitinated Hpr1 is important for its export function, re-
moval of H4 results in a reduced co-transcriptional recruit-
ment of Mex67 as well as impaired mRNA export.
Moreover, as the entire UBA domain of Mex67, H4 alone
was found to protect ubiquitinated Hpr1 from proteasomal
degradation. Collectively, these data suggest a two-step mech-
anism for the recognition of ubiquitinated Hpr1 by UBA-
Mex67: an initial H4-dependent binding of Hpr1 followed
by a binding of the entire UBA domain to ubiquitin moieties
on Hpr1, thereby protected from proteasomal degradation.
On one hand, H4 might prevent binding of Mex67 to non-
speciﬁc substrates and on the other hand, it might promote
the ubiquitin binding activity of UBA–Mex67 when bound
to speciﬁc substrates [25].
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coordinate the recruitment of the mRNA export machinery
on transcribing genes. Transfer of Mex67 to mRNAs may oc-
cur at a later step, presumably coinciding with 3 0 end process-
ing (see below). At this stage, Mex67 dissociation may result in
Hpr1 degradation by the proteasome, which would be neces-
sary for THO complex recycling and release of the transcript
from the gene (Fig. 2). It is likely that Mex67 plays a major
role in coordinating diﬀerent chromatin related-transcription
events, mRNA biogenesis and transport through the dynamic
interaction of its UBA domain with various ubiquitinated pro-
teins. Indeed, absence of Mex67–UBA domain results in a
more pronounced decrease of Mex67 co-transcriptional
recruitment than mutations that aﬀect Hpr1 ubiquitination
or deletion of Hpr1 (C. Gwizdek and N. Iglesias unpublished
data). This indicates that Mex67–UBA domain could have
other ubiquitinated partners involved in mRNA transcription
and maturation that could also participate in its co-transcrip-
tional recruitment. The sequential binding of Mex67–UBA to
these factors may in turn function in the synchronization of
events taking place during transcription elongation, including
chromatin remodelling, recruitment of processing machineries
and nascent mRNA packaging.3. Export competency is linked to 3 0 end formation
The early recruitment of the mRNA export machinery to
transcribing genes highlights that mRNAs are targeted for nu-
clear export already during transcription and raises the ques-Fig. 3. A series of highly dynamic and coordinated mRNP remodelling steps
Sub2 (M. Rougemaille and D. Libri, personal communication) and the Np
dissociate CPF/CF from the mRNP, recruit Mex67 with its adaptor Npl3 on t
(right). These reactions may take place close to the nuclear periphery. Loss
(DCF, see text for description) stalled at the NPC (left), unable to dissociat
D. Libri, personal communication).tion as to how only mature mRNPs are selectively
recognized to be escorted to the cytoplasm? It has been known
for quite a long time that proper 3 0 end formation and polyad-
enylation are crucial steps for the acquisition of export compe-
tency by the mRNAs as both cis- and trans-acting 3 0 end
processing mutants block mRNA export [26]. This two-step
processing reaction consists of a site-speciﬁc endonucleolytic
cleavage followed by polyadenylation of the upstream cleavage
product. These reactions involve several cleavage/polyadenyla-
tion factors (called CPF and CF in yeast) recruited at late steps
of transcription, and the canonical poly(A) polymerase Pap1
[27]. New ﬁndings summarized below shed light into how sig-
niﬁcant distinctions between exportable and non-exportable
transcripts are made through interactions at the 3 0 end.
3.1. Sub2-THO coordinate 3 0 end formation with mRNP release
Mutations in Sub2 and THO result in the sequestration of
newly made mRNAs in transcription-site associated foci and
their degradation from the 3 0 end, at least for some of them,
by the nuclear exosome component Rrp6. Importantly, loss
of Rrp6 releases foci-retained transcripts and rescues the 3 0
end truncation phenotype. Therefore, it was proposed that
THO and Sub2 function in co-transcriptional mRNP assembly
ensuring packaging of mRNA into stable and exportable
mRNP particles, in a process monitored by the nuclear exo-
some [2,26,28]. However, while THO and Sub2 are clearly
implicated in the formation of export competent mRNP com-
plexes, the exact step at which these factors exert their function
was unresolved. Recent studies clearly link Sub2 and THO to
3 0 end processing and mRNP release from the transcriptionoccur at the 3 0 end of genes (left), which involve the DEAD box helicase
l3 phosphatase Glc7 [32]. These enzymatic activities are required to
he processed mRNA and release the mRNA from the transcription site
of Sub2 or THO function results in the formation of a huge complex
e CPF/CF and to release the mRNA for export (M. Rougemaille and
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components exhibit strong genetic interactions with mutations
in the 3 0 end formation machinery [29]. Second, the Libri lab
observed that loss of Sub2 or THO leads to the formation of
a large transcription-dependent complex at the 3 0 end of
HSP104 and other THO/Sub2 target genes. This phenomenon
was called DCF (diﬀerential chromatin fractionation), as the
presence of this complex results in loss of 3 0 end fragments
from chromatin preparations (M. Rougemaille and D. Libri,
personal communication). Moreover, combination of sub2/
tho mutants with 3 0 end processing mutants showed that trig-
gering of DCF requires assembly of the 3 0 processing complex
and/or transcription termination but does not depend on pol-
yadenylation. Accordingly, ChIP analyses revealed increased
levels of CPF/CF factors bound to the HSP104 3 0 end in
sub2/tho mutant cells. Similar analyses also demonstrated a
strong association of this region with several nucleoporins,
indicating the presence of NPC components in the proteina-
ceous complex. Thus, chromatin-associated Sub2 and THO
appear to act in close proximity to the NPC in a putative
mRNP remodelling step required to dissociate the cleavage
and polyadenylation complex and to release the mature
mRNPs from the transcription site (Fig. 3). It is tempting to
speculate that the ATPase activity of Sub2 operates in this
rearrangement and productively engages the mRNP in the ex-
port pathway.3.2. Npl3 and Glc7 coordinate 3 0 end formation with Mex67
mRNA binding and export
In addition to THO/Sub2, the SR-like protein Npl3 has been
implicated in coordinating 3 0 end formation and export. Npl3
is the most abundant shuttling mRNA binding protein essen-
tial for mRNA export and its function is regulated by phos-
phorylation [30,31]. In the nucleus, phosphorylated Npl3 is
recruited to transcribing genes. Earlier work from the Guthrie
lab showed that Npl3 directly interacts with Mex67 and acts as
an adaptor to recruit the export receptor to the mRNP [32].
Notably, the recognition of Mex67 by Npl3 depends on
Npl3 dephosphorylation by Glc7, a phosphatase associated
with CPF/CF (Fig. 3). Importantly, Glc7-induced Npl3
dephosphorylation also coincides with the dissociation of
CPF/CF from the mRNP suggesting a role for Npl3 in 3 0
end formation. Accordingly, Npl3 has recently been proposed
to compete with 3 0 end processing factors for binding to the
nascent RNA, protecting the transcript from premature termi-
nation [33]. In higher eukaryotes, SR proteins also serve as
adaptors for Mex67/TAP and are subjected to cycles of phos-
phorylation and dephosphorylation as well [34]. Hence, the
mechanism described above for mRNP dynamics in yeast cells
may also hold true in metazoans.
These recent observations add a further layer of complexity
in the coordination of transcription, 3 0 end processing and ex-
port. The increased stability of Hpr1/THO in the presence of
Mex67–UBA [22] together with the role of Sub2/THO in eﬃ-
cient 3 0 end processing predicts that the co-transcriptional
recruitment of Mex67 may favour eﬃcient 3 0 end formation.
Accordingly, mex67-5 mutant cells are aﬀected both in
Mex67 co-transcriptional recruitment and 3 0 end formation
[17,35]. These data and the role of Npl3 dephosphorylation
in coordinating 3 0 end formation and Mex67 binding to
mRNP, suggest the existence of a highly orchestrated seriesof reactions in which the combined actions of the DEAD
box ATPase Sub2 and the phosphatase Glc7 promote an
mRNP remodelling step necessary to dissociate 3 0 end process-
ing factors and allow Mex67 binding to the newly formed
mRNP. This vast reorganization is paralleled by the release
of the mRNP from the transcription site and its productive
engagement into export through pores (Fig. 3).4. mRNP dynamics and remodelling at the nuclear pore complex
4.1. The DEAD box protein Dbp5
The DEAD-box protein Dbp5, also known as Rat8, is essen-
tial for mRNA export and has been implicated in the dynamics
of mRNP complexes in late steps of mRNA export associated
with the pore. At steady-state, Dbp5 is detected in the cyto-
plasm and accumulates on the cytoplasmic face of the NPC
through interactions with the nucleoporins Nup159 and
Gle1. This distribution suggested a role for Dbp5 in a late step
of export by promoting release of mRNA for translation and
recycling of export factors back into the nucleus [36]. Like
other DEAD box proteins, Dbp5 has low intrinsic ATPase
and RNA unwinding activity in vitro, presumably due to the
absence of speciﬁc activators. Studies by the Wente and Weis
groups demonstrated that the RNA dependent ATPase activ-
ity of Dbp5 is greatly stimulated by Gle1 bound to inositol-
hexakiphosphate (IP6), thereby ensuring Dbp5-induced
mRNP remodelling at proper time and space [37,38] and
(Fig. 4). Notably, genetic and biochemical experiments in yeast
as well as immuno-EM localizations on giant Balbiani Ring
mRNPs in C. tentans indicated that Dbp5 shuttles and associ-
ates with mRNPs already during transcription [39,40]. It is un-
clear whether Dbp5 participates in rearrangements at this early
stage through the action of yet unidentiﬁed activators, or
whether its remodelling activity is restricted to the cytoplasmic
face of the NPC. Similar to most ATPases, it will be important
to characterize the exact target remodelled by RNA-induced
Dbp5 ATPase activity.4.2. Dbp5 promotes the dissociation of Mex67 from the mRNP
Work from the Guthrie lab provided evidence that Dbp5
promotes dissociation of the export receptor Mex67 from
mRNPs at the nuclear rim [41]. Indeed, mutations in Dbp5 re-
sult in increased Mex67 binding to polyadenylated mRNPs,
consistent with defective release from mRNPs. Furthermore,
a mutation in Mex67 (mex67-5) that reduces mRNP binding
suppressed the cold sensitive growth of the rat8-7 mutant, in
agreement with a role for Dbp5 in dissociating Mex67 from
the mRNP. Although Dbp5 is thought to promote export pri-
marily in association with the NPC cytoplasmic ﬁbrils,
poly(A)+ RNA ﬁlls up the nucleus and concentrates in several
intranuclear sites in dbp5 mutants. Other mRNA export mu-
tants accumulate mRNA in nuclear foci, which probably rep-
resent mRNAs stalled at late stages of the maturation pathway
due to depletion of essential export factors. Like in other
mRNA export mutants, loss of the exosome component
Rrp6 in rat8-2 released mRNPs from nuclear foci and led to
their accumulation at the nuclear rim, consistent with the pro-
posed mRNA export function of Dbp5 at this location. Anal-
ysis of mRNP composition in rat8-2 D rrp6 conﬁrmed
increased levels of Mex67, but also revealed a loss of Yra1/
Fig. 4. Dynamics of mRNP complexes at the NPC. Yra1, Nab2 and
Mex67 form a trimeric complex in the nucleus. Yra1 leaves the mRNP
before translocation in a process that depends on pore proteins such as
Nup60 [41] as well as on the E3 ligase Tom1 (Iglesias and Stutz,
unpublished data). The DEAD box helicase Dbp5 is loaded on
mRNPs in the nucleus. Its ATPase activity is greatly stimulated by
Gle1 bound to IP6 on the NPC cytoplasmic ﬁbrils [37,38]. It is
proposed that ATP hydrolysis by Dbp5 and/or Dbp5-ADP induce
mRNP rearrangements and dissociation of mRNA export factors such
as Nab2 and Mex67, which recycle back into the nucleus [41,42].
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Dnup60Drrp6 strain, lacking the nuclear basket-associated
nucleoporin Nup60 implicated in mRNP docking and export.
These results suggest the existence of an early mRNP remodel-
ling step at the nuclear face of the NPC, that results in the
dissociation of Yra1 (see also below), followed by a late
Dbp5-dependent remodelling step on the cytoplasmic side of
the NPC, that releases Mex67 (Fig. 4). Although Dbp5 and
Mex67 co-immunoprecipitate in vivo, a biochemical in vitro
assay recapitulating the proposed Dbp5 function has not yet
been provided.
4.3. Dbp5 dissociates Nab2 from RNA
A recent study from the Wente lab provides additional evi-
dence that Dbp5 controls export by triggering speciﬁc RNA-
protein remodelling events at the NPC [42]. In this case,
Dbp5 was proposed to promote the dissociation of Nab2, a
shuttling poly(A)+ binding protein essential for mRNA export,
from mRNP complexes. Wente and coworkers showed that the
temperature sensitive phenotype and poly(A)+ RNA export
defect observed in the rat8-2 temperature sensitive mutant
were partially suppressed in the presence of the nab2-C437S
mutant, which exhibits reduced in vitro RNA binding activity
[43]. Consistently, the elevated levels of mRNP-bound Nab2 inrat8-2 cells were substantially decreased in the rat8-2/nab2-
C437S double mutant cells. These observations indicate that
fully active Dbp5 is dispensable in the presence of nab2-
C437S and support the view that Nab2 removal by Dpb5 is re-
quired for eﬃcient mRNA export in wild-type cells. However,
the partial suppression of the rat8-2 phenotypes by nab2-
C437S indicates that other RNA-binding proteins, including
Mex67, are likely substrates for displacement by Dbp5 during
export. Unexpectedly, in vitro experiments indicated that the
dissociation of Nab2 from RNA does not require Dbp5-in-
duced ATP hydrolysis, but solely depends on Dbp5-ADP. This
result cannot be explained by a simple competition for RNA,
as Dbp5-ADP very poorly binds RNA. Another possibility
could be that Dbp5-ADP titrates Nab2 away from the RNA,
but a stable physical interaction between these two proteins
could not be identiﬁed [42]. The mechanism by which Dbp5-
ADP triggers mRNP remodelling and Nab2 dissociation there-
fore needs further investigation.
In an attempt to reconcile these observations, it was recently
argued that Dbp5 might bind mRNPs in the nucleus in its
ATP-bound form. ATP hydrolysis may not occur in this loca-
tion due to the absence of speciﬁc activators or the presence of
potential inhibitors. On the contrary, it was speculated that
Dbp5-ATP may even favour interactions within the mRNP
in this context. ATP hydrolysis by Dbp5 would then be
strongly activated by Gle1/IP6 on the cytoplasmic ﬁlaments,
resulting in the dissociation of Dbp5 and destabilization of
mRNP bound factors such as Mex67 and Nab2. The rapid
recycling of these mRNA export factors into the nucleus would
prevent the mRNP from sliding back and thereby promote
mRNA directional transport [44] and (Fig. 4).5. How many mRNA export pathways?
It has long been taken for granted that all mRNAs were ex-
ported via a single linear export pathway using all known ex-
port factors. This would entail that Yra1/REF plays a
central role by recruiting the mRNA export receptor Mex67/
TAP to all nuclear mRNAs, allowing their exit to the cyto-
plasm. However, earlier ﬁndings highlighted caveats against
such a scenario by showing that Yra1 is not a shuttling protein
[45,46] and does not associate with all yeast transcripts [47].
Moreover, while Yra1 is an essential factor in yeast, Aly/
REF is not essential for mRNA export in metazoan cells
[48,49]. Along the same line, the selective retention or export
of mRNA-binding proteins observed during stress conditions
[50–52] added further evidence for multiple export pathways
in Saachromyces cerevisiae. It then could be suggested that
there might be two or more classes of mRNAs, each using a
diﬀerent set of export factors. Whether multiple distinct path-
ways for mRNA export exist is an attractive scenario because
it would provide the cell with additional means to regulate spe-
ciﬁc mRNA sub-populations that share functional attributes.
Consistent with this emerging idea, extensive studies show that
mRNA export factors have binding speciﬁcity for subclasses of
transcripts in both yeast and higher eukaryotes [47,53–56]. The
proof of principle came from the ﬁnding that Mex67 has an-
other adaptor, Npl3 [32]. Moreover, evidence appoints the
shuttling mRNA binding protein Nab2 as a new adaptor for
Mex67 as well (N. Iglesias and F. Stutz, unpublished). Indeed,
N. Iglesias, F. Stutz / FEBS Letters 582 (2008) 1987–1996 1993Nab2 directly associates with Mex67 and Yra1. Importantly,
over-expressing Nab2 or Mex67 can bypass a Dyra1 null mu-
tant [57] and (N. Iglesias and F. Stutz, unpublished), indicating
that Yra1 becomes dispensable provided that additional
amounts of Mex67 and Nab2 are present. These data indicate
that Yra1 may not represent an essential adaptor for export
and further entails that Nab2 is a new adaptor for Mex67.
Notably, Nab2 is essential for poly(A)+ tail length control
and export and was proposed, like Npl3, to link the 3 0 end pro-
cessing and export machineries [58,59].
Bearing this in mind, one could speculate that at least two
non-redundant mRNA export pathways exist, one involving
Npl3 and the other Nab2. Consistently, unlike Nab2, over-
expressing Npl3 does not bypass Yra1 function and does not
rescue a yra1 mutant phenotype (N. Iglesias and F. Stutz,
unpublished), conﬁrming that Npl3 is functionally non-redun-
dant with Yra1 and Nab2 and hence acts in a distinct mRNA
export pathway. In agreement with the view that distinct export
pathways are devoted to the nuclear exit of discrete classes of
transcripts, Npl3 and Nab2 bind to a unique spectrum of tran-
scripts associated with speciﬁc functional categories of the pro-
teins that they encode, ribosomal subunits and transcription
factors, respectively [54]. Importantly, mutations in the ubiqui-
tin E3 ligase Tom1 block speciﬁcally the export of Nab2 and its
associated transcripts from the nucleus, with no apparent eﬀect
on the export of mRNPs containing Npl3 [50]. From this ﬁnd-
ing, Tom1 was proposed to contribute to the selective export of
transcripts associated with the mRNA binding protein Nab2,
but not those bound to Npl3. Since no evidence has been pro-
vided so far that Nab2 is ubiquitinated, it has been proposed
that an unidentiﬁed protein associated with Nab2 allows export
of Nab2-bound mRNA only after its ubiquitination by the E3
ligase Tom1. Preliminary experiments identiﬁed this protein as
Yra1 and suggest that the ubiquitination of Yra1 by Tom1 in-
duces its dissociation from Nab2 (N. Iglesias and F. Stutz,
unpublished), consistent with the ﬁnding that Yra1 is not a
shuttling protein [45,46]. Moreover, the observation that
Yra1 accumulates on mRNPs in the absence of the nuclear bas-
ket component Nup60 [41], suggests that the ubiquitin-induced
dissociation of Yra1 from the mRNP may occur in association
with the NPC (Fig. 4). Consistently, our previous work sug-
gested a functional interaction between Yra1 andMlp proteins,
anchored at the nuclear periphery via Nup60, and which partic-
ipate in mRNP surveillance by retaining improperly assembled
mRNPs [57,60,61]. One possibility therefore might be that
Tom1-mediated ubiquitination of Yra1 occurs at the NPC act-
ing as a license for export of fully processed mRNPs. Alterna-
tively, it could be a mean to allow export of speciﬁc transcripts
depending on particular environmental conditions given that
Tom1 function is essential only at high temperatures [50].
Notably, the other known E3 ligase involved in mRNA ex-
port, Rsp5, has been recently shown to target Npl3 [62]. Thus,
it is striking to note that the two currently proposed mRNA
adaptors for Mex67, namely Nab2 and Npl3, are regulated
by two distinct E3 ligases. Further studies are needed to eluci-
date whether Rsp5 and Tom1 control these two mRNA export
pathways. Importantly, the closest relatives of Npl3 in metazo-
ans, 9G8 and SF2, also promote the recruitment of TAP to
mRNPs [63] and Nab2 has a homologue in mammals [43], rais-
ing the possibility that distinct pathways for mRNA export
also exist in higher eukaryotes. Interestingly, a Tom1 homo-
logue has been characterized in both S. pombe and highereukaryotes as Ptr1 and Huwe1, respectively [64,65], and
Rsp5 also has a homologue in higher eukaryotes, Nedd4
[66]. It would therefore be interesting to investigate whether
these pathways and their modes of regulation have been evolu-
tionarily conserved.6. Yra1: bona ﬁde Mex67 adaptor or co-factor in multi-protein
complex assembly?
A question raised by these observations is the actual role
played by Yra1 in mRNA export since it may not be a genuine
adaptor for Mex67. Preliminary experiments indicate that
Yra1 and Nab2 bind Mex67 cooperatively to form a ternary
complex (N. Iglesias and F. Stutz, unpublished). These data
together with the ﬁnding that Yra1 becomes dispensable in
the presence of an excess of Mex67 or Nab2 strongly suggests
that Yra1 acts as a co-factor rather than a bona ﬁde adaptor
for Mex67. This view is consistent with the non-essential role
of Aly/REF for mRNA export in higher eukaryotes and with
early studies showing that Aly/REF has properties that are
characteristic of molecular chaperones [67]. The role of
Yra1/Aly as molecular chaperone may not be restricted to
mRNP formation, since Aly was originally identiﬁed as a co-
factor stimulating transcription [67,68], and Yra1 was also re-
cently implicated in DNA replication [69]. Moreover, no fewer
than 245 proteins were reported to interact with Yra1. These
Yra1-interacting partners are mRNA export factors, but also
proteins involved in transcription [70–72], mRNA surveillance
[8], rRNA processing [70,73], DNA replication [69,70], and
DNA repair [70,72]. How could one protein be involved in
reactions as seemingly diverse? A clue may be that Yra1/
REF functions to integrate and coordinate interactions within
speciﬁc higher order nucleoprotein complexes as it has been
proposed by Bruhn and co-workers ten years ago [68]. Then,
together with these earlier data, these new observations sup-
port the idea that Yra1, and by analogy Aly/REF in metazo-
ans, may function as co-factors in multiple nuclear events
that have in common the assembly, remodelling or disassembly
of multi-protein complexes on nucleic acid scaﬀolds rather
than just an adaptor for Mex67-mediated mRNA export.7. Concluding remarks
Sub2 and Dbp5 are two DExD/H box RNA helicases re-
quired for mRNA export. Only few members of this protein
family exhibit RNA helicase activity in vitro. The current view
is that these two RNA-dependent ATPases are more likely to
act as RNPases rather than RNA helicases per se and to disso-
ciate speciﬁc RNA–protein complexes through ATP driven
conformational changes. Both proteins have low intrinsic cat-
alytic activity. While Gle1 strongly activates Dbp5 in a speciﬁc
location, the spatial distribution of factors stimulating ATP
hydrolysis by Sub2 and the targeted RNA–protein interactions
are still unknown. In metazoans, the ATPase activity of
UAP56 is required to recruit its partner Aly/REF to intronless
mRNAs [74], but Aly/REF does not activate ATP hydrolysis
by UAP56 [75]. Other potential candidates to fulﬁl this func-
tion could be THO or perhaps Npl3, since this protein was
found to interact with Sub2 in a two-hybrid assay [76].
1994 N. Iglesias, F. Stutz / FEBS Letters 582 (2008) 1987–1996Alternatively, the formation in sub2 mutants of stalled com-
plexes containing 3 0 end processing and nuclear pore proteins
suggests that Sub2 could also be activated through interactions
with nucleoporins to promote mRNA transcription site-release
at the nuclear periphery (M. Rougemaille and D. Libri, per-
sonal communication).
The E3 ligases Tom1 and Rsp5 have been involved in
mRNA export [77,78] and recent studies now identiﬁed export
relevant substrates for these modifying enzymes [23] and (N.
Iglesias and F. Stutz, unpublished data). It is a safe bet that
additional mRNA export factors will be identiﬁed as post-
translationally modiﬁed by ubiquitin. So far Mex67–UBA is
the only known mRNA export relevant eﬀector recognizing
ubiquitin moieties [22,25]. It will be interesting to deﬁne
whether Mex67–UBA interacts with other ubiquitinated pro-
teins along the pathway, and how these associations impact
on the regulation of mRNA biogenesis and export. Alterna-
tively, export factors with ubiquitin binding domains distinct
from the most frequent UBA motif may also be identiﬁed in
the future. Notably, ubiquitination not always leads to degra-
dation by the proteasome but can be implicated in the regula-
tion of protein–protein interactions. Along these lines, recent
ﬁndings indicate a non-proteolytic role for the proteasome
during transcription. More speciﬁcally, the ATPases of the
19S regulatory subunit of the proteasome have been proposed
to facilitate transcription initiation by stimulating the recruit-
ment of co-activators as well as to promote rearrangements
in transcription complexes and local chromatin structure dur-
ing elongation as reviewed in [79]. By analogy to transcription
and since the proteasome accumulates at the nuclear periphery
[80], one could speculate on a comparable non-proteolytic role
of the 19S proteasome in the remodelling of mRNP complexes
in response to ubiquitination of some of their constituents,
thereby facilitating mRNA export.Acknowledgements: We are grateful to Catherine Dargemont, Dome-
nico Libri, Tommaso Villa and members of the lab for critical reading
of the manuscript. We apologize for omitting citations due to space
limitations.References
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